Figure 1. Summary of Microarray Experiments (A) RNA was isolated from three different genetic backgrounds containing varying amounts of nuclear Dorsal protein. Toll
10B is a dominant mutation in the Toll receptor that leads to high levels of nuclear Dorsal. Toll rm9 /Toll rm10 is a recessive mutation in the Toll receptor that leads to low levels of nuclear Dorsal throughout the early embryo. In pipe Ϫ (pipe 386 /pipe 664 ) mutant embryos, Dorsal fails to translocate to the nucleus and remains cytoplasmic. Dorsal targets requiring the highest levels of Dorsal for expression are normally only expressed in ventral parts of the embryo, but ubiquitously in the Toll 10B background. Dorsal targets responding to lower levels of nuclear Dorsal are expressed in a broader domain that extends to the lateral regions of the embryo but are absent from the ventral surface due to repression by Snail. These targets are expressed ubiquitously in the Toll rm9 /Toll rm10 background, which contains sufficient levels of Dorsal to promote activation but insufficient levels to activate the repressor Snail. Genes repressed by Dorsal in the dorsal ectoderm are expressed at the dorsal domain of the embryo. These genes are expressed ubiquitously in the pipe Ϫ mutant background due to an absence of nuclear Dorsal. A plus sign indicates the presence of specific targets gene expression in a certain mutant background, whereas a minus sign indicates its absence. (B) To isolate additional Dorsal target genes, RNA was isolated from each of these three mutants and hybridized to Affymetrix Drosophila GeneChips. Genes exhibiting increased expression in response to only the highest levels of nuclear Dorsal (89) were identified by determining which genes are contained within the intersection of three comparisons: those signals that increased at least 3-fold (measured in log 2 ) in ) levels of known for any developmental process. Dorsal in all nuclei (summarized in Figure 1A ). Embryos were collected from each of these three classes of muResults tant females and allowed to develop until cellularization, about 3 hr after fertilization. Dorsal enters nuclei beBecause Dorsal exhibits strict maternal inheritance, it is possible to isolate homogenous populations of mutant tween 90 min to 2 hr after fertilization and activates target genes such as twist, snail, and rhomboid within increase in expression in pipe Ϫ /pipe Ϫ mutant embryos (Table 3) . However, other known genes such as pannier the next 30 min to 1 hr (reviewed by Rusch and Levine, 1996) . Cellularized embryos should express most of the and u-shaped display just 6-fold increases in expression. Only 16 of the 123 genes that are upregulated in direct Dorsal target genes, as well as genes that are indirectly regulated by Dorsal (see Discussion). Affymepipe Ϫ /pipe Ϫ mutant embryos fulfill this cutoff value (Table 3). One of the genes, Ect1, encodes a TNF (tumor trix chips containing the complete protein coding capacity of the Drosophila genome (greater than 13,500 genes) necrosis factor) signaling molecule (reviewed by Baud and Karin, 2001 ). This gene is normally expressed in the were separately hybridized with RNAs extracted from each mutant. A total of 353 genes exhibit at least a 3-fold indorsal ectoderm of wild-type embryos ( Figure 2K ) but is expressed in both dorsal and ventral regions of mutant crease in one of the mutant backgrounds ( Figure 1B ., 2001 ). In wild-type emmore than a 10-fold increase in expression and display bryos, the gene is selectively expressed in ventral rebroad lateral stripes of expression in the presumptive gions that will form the mesoderm ( Figure 2C ). The augneurogenic ectoderm ( Figures 3H and 3I ). In contrast, mented expression of Mes3 that is seen in Toll
10B
Neu1 and Neu2 exhibit only a 6-fold increase in expresmutants (Table 1) can be explained by the marked sion in Toll rm9 /Toll rm10 mutants and display narrower latexpansion of the staining pattern in mutant embryos eral stripes of expression ( Figures 3F and 3G ). To deter-( Figure 2D) . A similar expansion is seen for a known mine whether genes with smaller increases might gene, snail, which is normally expressed in the ventral respond to different thresholds of the Dorsal gradient, mesoderm (Figures 2A and 2B) . the Neu5/Sulfated gene was analyzed since it exhibits Dorsal target genes that are expressed in the lateral just a ‫-4ف‬fold increase in Toll rm9 /Toll rm10 embryos. Neu5 neurogenic ectoderm, such as brinker and sog (Table  displays weak, nonuniform staining in the lateral neuro-2), exhibit just 6-fold increases in expression in Toll rm9 / genic ectoderm ( Figure 3J ). Toll rm10 mutant embryos as compared with the other geIn situ hybridization assays were done with six differnetic backgrounds. Only 22 of the 114 genes that are ent genes that exhibit at least a 6-fold increase in expresupregulated in Toll rm9 /Toll rm10 mutant embryos fulfilled sion in mutant embryos derived from pipe Ϫ /pipe Ϫ fethis cutoff value (Table 2) . One of these genes, Neu3, males (see Table 3 ). Five of the genes that were tested encodes a novel member of the ADAM family of endoexhibit localized expression within the dorsal ectoderm peptidases (see Qi et al., 1999; Lieber et al., 2002) . It is ( Figures 3K-3O ), whereas one of the genes does not expressed in broad lateral stripes in wild-type embryos (data not shown). Among the set of 123 upregulated ( Figure 2G ) but is expressed throughout the dorsal-vengenes, a homolog of Ect2, CG5093, displays 5-fold tral axis of mutant embryos derived from Toll rm9 /Toll rm10 upregulation. CG5093 exhibits a localized pattern of exfemales ( Figure 2H ). This expanded expression is conpression in the dorsal ectoderm that is virtually identical sistent with the results of the microarray assays, which to the Ect2 pattern (data not shown; Figure 3L ). indicate a 15-fold increase of Neu3 expression in mutant embryos as compared with wild-type embryos (see Table 2). A similar expansion is observed for a known gene, A Tissue-Specific NF-Y Subunit Activates Gene Expression in the Mesoderm sog ( Figures 2E and 2F) .
Genes that are specifically expressed within the dorThe preceding microarray assays identified a number of genes that are likely to be important for the dorsalsal ectoderm were identified on the basis of exhibiting augmented expression in pipe Ϫ /pipe Ϫ embryos ( Figure 5D ). The Mes3 gene is selectively expressed in the ventral mesoderm ( Figures 2C and 3C) , sites within a stretch of just 75 bp ( Figure 5G) . A 500 bp fragment that encompasses these sites was placed 5Ј and the associated putative Dorsal binding sites are similar to those seen in the 5Ј flanking regions of the of an eve-lacZ fusion gene and expressed in transgenic embryos. LacZ staining is detected in the neurogenic snail and twist genes (Jiang et al., 1991; Ip et al., 1992a) . The 260 bp fragment from Mes3 was placed 5Ј of a ectoderm at the onset of nuclear cleavage cycle 14 (Figure 5H ). As seen for the endogenous gene, staining is minimal eve-lacZ fusion gene and expressed in transgenic embryos. LacZ staining is detected in ventral restrongest in the presumptive thorax and abdomen (see Figure 3I ). This staining pattern persists during gastrulagions at the onset of nuclear cleavage cycle 14 ( Figure  5E ). This staining pattern persists during cellularization, tion and germband elongation ( Figure 5I ). It is possible 
Staining is initially detected in lateral stripes that straddle the mesoderm (B). These stripes correspond to the ventral half of the neurogenic ectoderm and persist during gastrulation (data not shown) and germband elongation (C). (D-F) The best Dorsal binding cluster in the Mes3/dilp4 region is located between 500 bp and 240 bp 5Ј of the transcription start site. The diagram shows the location of low-affinity Dorsal binding sites (gray ovals). This 260 bp fragment was placed 5Ј of the eve-lacZ fusion gene and expressed in transgenic embryos (D). Staining is detected in the presumptive mesoderm during mid-nuclear cleavage cycle 14 (data not shown) and persists during cellularization (E) and gastrulation (F). Staining is restricted to the ventral mesoderm. (G-I) The best Dorsal binding cluster associated with the Neu4 gene was identified in a whole-genome search for optimal Dorsal clusters. The highest density cluster (three optimal Dorsal sites in 75 bp; black ovals) is located ‫51ف‬ kb 5Ј of the Neu4 transcription start site (G). A 500 bp fragment that encompass these sites was placed 5Ј of the eve-lacZ reporter gene and expressed in transgenic embryos. Staining is detected in broad lateral stripes in cellularizing embryos (H) and persists during gastrulation and germband elongation (I). Staining is excluded from the ventral mesoderm, possibly by binding of the Snail repressor to a site located in the 500 bp Neu4 5Ј fragment (see diagram in [G]; white square). (J-M) Comparative analyses of two enhancers from each of these representative thresholds led to the identification of conserved sequence elements. Exact matches to the computed consensus are depicted in uppercase; sequences not conforming to the consensus in lowercase. (J) CACATGT is present in rho and vnd but not the other enhancers. (K) RGGNCAG is present in multiple enhancers (rho, vnd, and Mes3).
(L) Perfect matches to GCTGGAA are present in sog and Neu4; a divergent copy of this sequence is also present in rho.
(M) Using these novel cis-regulatory motifs, enhancers were predicted in other putative Dorsal targets that contain only two low-affinity Dorsal sites. These include CG12177, which contains low-affinity Dorsal binding sites and one CACATGT site (blue oval), and Mes5, which contains low-affinity Dorsal binding sites and one RGGNCAG site (red oval).
that Neu4 is repressed in the ventral mesoderm by the sal target enhancers (see Experimental Procedures). Particular efforts focused on coordinately regulated enSnail repressor since the 500 bp enhancer contains at least one optimal Snail binding site ( Figure 5G The relatively late onset of Ect2 expression (see Figure  3L) suggests that it might be regulated by the Dpp activThere have been earlier attempts to identify genes is virtually identical to the Ect2 pattern (see Table 3 
